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The full P-V curve typically exhibits a sigmoidal shape. At high V the tissue undergoes strain 82 stiffening, defined as a progressive increase in stiffness (decrease in C) with increasing strain. As 83 V decreases toward low values, C also decreases as a result of progressive closure of lung units.
84
C is highest at intermediate values of V corresponding to the range typical of normal breathing.
85
The P-V curve of the lung is markedly affected by surface tension in the air-liquid interface that 86 lines the alveoli and airways. This is amply demonstrated by the drastic increases in lung 87 stiffness that occur following lavage which removes the pulmonary surfactant, and by the 88 corresponding decreases in stiffness seen in the saline-filled lung in which surface tension no 89 longer exists (2). Surface tension also contributes substantially to the quasi-static hysteresis of 90 the P-V loop (i.e. the width of the loop persists as cycling frequency tends to zero) (2, 54, 59).
91
The hysteresis reflects the complex dynamical behavior of surfactant molecules that are recruited 92 to the air-liquid interface from sub-surface stores during inspiration and then participate in 93 energy dissipation through the collapse of surface molecular structures during expiration (32).
94
Much of the bulk elastic recoil behavior of the intact lung in vivo, at least at volumes near 95 functional residual capacity, is thus a consequence of the ensemble behavior of the surfactant 96 lipids and proteins forced to interact with each other and various other molecules within the 97 geometric constraints of the alveolus (32, 54, 58, 59) .
98
Even in isolation, however, without the complications introduced by surface tension and a 99 tortuous surface geometry, lung parenchymal tissue alone exhibits strain stiffening as shown in (42, 53) , the two main structural proteins found in lung parenchyma (52).
103
Fibers of collagen and elastin are thought of as being woven randomly into a tissue network that 6 comprises the alveolar wall, which itself exhibits a highly nonlinear length-tension relationship 105 (18). At low strain, the stress in the network is borne predominately by the elastic fibers that are 106 easily stretched and capable of changing length by at least a factor of two (20) . Collagen, by 107 contrast, is much stiffer and can only bear a strain of a few percent before rupturing (23), so at 108 low strain the collagen fibers are crimped and flaccid. As strain increases, progressively more of 109 the collagen fibers reach their un-crimped length and begin to take up the stress. This causes the 110 overall stress in the tissue to also increase progressively, giving rise to the familiar asymptotic 111 shape of the lung P-V curve. Notice that it is a network effect; indeed, without a distribution of 112 crimped lengths of the collagen in a network, it is not possible to obtain a smooth stiffening 113 curve for the overall network. The bulk P-V behavior of the tissue thus does not resemble the 114 stress-strain behavior of either elastin or collagen at all, but rather reflects the way in which 115 collagen gradually takes over the stress bearing role from elastin as V increases. Of course, there 116 is much more to the micro-level architecture of lung tissue than a random array of collagen and 117 elastin fibers. While cell contractility (47) and proteoglycans (10) can modulate stiffness, a major 118 contributing role is played by alveolar geometry and surface forces (68), with concomitant 119 effects on fiber orientation (43). Nevertheless, the essential idea of collagen fiber recruitment can 120 be modeled quantitatively in terms of either a sequence of identical springs associated with 121 parallel strings of different lengths, or as a sequence of identical strings with parallel springs 122 having a distribution of stiffnesses (37) (Fig. 2A) . In the latter case, the predicted distribution of 123 spring constants is reminiscent of the distribution of widths of elastin fiber bundles in the lung 124 (56).
125
The same mechanism can be modeled numerically in two dimensions using a network of 126 interconnected elements having piece-wise linear stress-strain properties (38). The addition of a 7 second dimension, however, allows another interesting kind of emergent kind of behavior to 128 arise through a process known as percolation. Specifically, as network strain increases, 129 increasing numbers of network elements move up onto the stiff portions of their respective 130 stress-strain curves. To begin with, these stiffened elements appear randomly throughout the 131 network, but eventually there comes a point at which a contiguous pathway of connected 132 stiffened elements spans, or percolates, across the network from one end to the other (Fig. 2B ).
133
At this point, the so-called percolation threshold, the bulk stiffness of the network suddenly starts however, a percolation transition occurs when a continuous chain of stiffened springs spans the 149 network, causing a sudden upturn in the rate of increase in bulk modulus (Fig. 3) . Thus, the 8 sudden increase in the sensitivity of the network to adding one more stiff element is a collective 151 emergent phenomenon that occurs only after percolation in the network has been achieved.
152
Pulmonary fibrosis is, of course, a complex pathology that remains poorly understood (48), so it 153 is by no means certain that percolation of this nature plays a dominant role in all cases of the 154 disease. Nevertheless, this simple mechanism may explain why some patients appear to take a 155 sudden turn for the worse after an apparently extended period of modest disease progression 156 (40).
157
In the simple example considered above we assumed that fibrotic lesions (stiffened springs) of surface tension, also exhibits complex nonlinear dynamic mechanical behavior (1, 9-12, 14, 218 31, 39, 44-46, 49-51, 67, 70-72) .
As with the static behavior of lung tissue, understanding its dynamic behavior relies on the 220 development of mathematical models that attempt to embody key underlying mechanisms. The 221 first models were essentially phenomenologic, consisting of collections of idealized Hookean 222 springs and Newtonian resistors (dashpots), each such pair being known as a Maxwell body (62).
223
Although the springs and dashpots in these models cannot be identified with any particular 224 structures within the tissue, they nevertheless embody the notion that energy is dissipated 
233
In fact, the stress (s) in a parenchymal strip decays according to a simple power law of time (Fig. 
1B). That is (6),
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where A is a constant and k is a positive exponent typically much less than 1. An equivalent 237 phenomenon has been frequently observed in whole lungs in the form of a constant-phase waveform applied to the lung and P A (f) is the alveolar pressure relative to pleural pressure that is generated in the process, then the mechanical input impedance of the lung tissue, Z t (f), is 242 invariably found to be accurately described by
where G and H characterize the dissipative and elastic properties of the tissue, respectively, and 245 α is a constant (typically slightly less than, but close to, 1) that is a function of the ratio of G to somehow intimately linked to those elements that store energy elastically (17).
251
The power-law behavior of lung tissue both in time and with frequency are intriguing. In fact, on the ensemble behavior of its constituents.
287
We also note that tissue viscoelastic properties change in disease. For example, hysteresivity has 288 been thought to reflect elementary dissipative properties of the tissue that are preserved across 289 many conditions and species (17). However, remodeling of the tissue increases hysteresivity in 290 both emphysema (9) and fibrosis in a way that correlates with the volume proportion of collagen 291 (11). The physical basis of this phenomenon is not well understood.
292

Why Lung Tissue is Complex
293
Lung tissue is clearly not a simple material, so we might ask if this is inevitable. Presumably a 294 lung made of a network of pure elastin would suffice for the purposes of being able to recoil 295 elastically during expiration, and this would certainly simplify its rheology. On the other hand,
296
such an organ would probably be overly compliant from the perspective of the other tissues with 297 which it interacts, especially the chest wall. An associated network of collagen is thus useful for 298 matching the elastic recoil of the lung to its size. Collagen also provides a large measure of 299 tensile strength as well causing lung stiffness to increase substantially at high volumes, thereby 300 protecting the delicate cells and blood vessels from rupture due to accidental over-distension.
301
The bulk mechanical behavior exhibited by such an interwoven network of two mechanically 302 different fiber types is some emergent combination of the individual networks and the way they interact. And, of course, we cannot stop there. The lung has to be home to the many cells 304 required for tissue maintenance and gas exchange, but they require an environment more conducive than can be provided by elastin and collagen alone, so we must include proteoglycans 306 and the water they bind that make an environment in which cells can thrive. B as well as the size distribution of LAA clusters from C plotted on log-log axes.
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Reproduced with permission from (65). 
